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The  inhaled  form  of  Bacillus  anthracis  infection  may  be  fatal  to  humans.  The  current  standard  of  care  for 
inhalational  anthrax  postexposure  prophylaxis  is  ciprofloxacin  therapy  twice  daily  for  60  days.  The  potent  in 
vitro  activity  of  oritavancin,  a  semisynthetic  lipoglycopeptide,  against  B.  anthracis  (MIC  against  Ames  strain, 

0.015  p-g/ml)  prompted  us  to  test  its  efficacy  in  a  mouse  aerosol-anthrax  model.  In  postexposure  prophylaxis 
dose-ranging  studies,  a  single  intravenous  (i.v.)  dose  of  oritavancin  of  5, 15,  or  50  mg/kg  24  h  after  a  challenge 
with  50  to  75  times  the  median  lethal  dose  of  Ames  strain  spores  provided  40,  70,  and  100%  proportional 
survival,  respectively,  at  30  days  postchallenge.  Untreated  animals  died  within  4  days  of  challenge,  whereas 
90%  of  control  animals  receiving  ciprofloxacin  at  30  mg/kg  intraperitoneally  twice  daily  for  14  days  starting 
24  h  after  challenge  survived.  Oritavancin  demonstrated  signiflcant  activity  post  symptom  development;  a 
single  i.v.  dose  of  50  mg/kg  administered  42  h  after  challenge  provided  56%  proportional  survival  at  30  days. 

In  a  preexposure  prophylaxis  study,  a  single  i.v.  oritavancin  dose  of  50  mg/kg  administered  1,  7, 14,  or  28  days 
before  lethal  challenge  protected  90, 100, 100,  and  20%  of  mice  at  30  days;  mice  treated  with  ciprofloxacin  24  h 
or  24  and  12  h  before  challenge  all  died  within  5  days.  Efficacy  in  pre-  and  postexposure  models  of  inhalation 
anthrax,  together  with  a  demonstrated  low  propensity  to  engender  resistance,  promotes  further  study  of 
oritavancin  pharmacokinetics  and  efficacy  in  nonhuman  primate  models. 


Bacillus  anthracis,  a  gram-positive,  spore-forming  rod  and 
the  causative  agent  of  anthrax,  primarily  causes  disease  in 
animals.  In  humans,  it  can  produce  a  fatal  disease  if  the  spores 
are  inhaled  or  ingested.  The  Centers  for  Disease  Control  and 
Prevention  recognizes  B.  anthracis  as  a  category  A  agent  with 
recognized  bioterrorism  potential  (http://www.bt.cdc.gov/agent 
/anthrax/needtoknow.asp;  accessed  5  December  2007).  Fur¬ 
thermore,  the  threat  of  emerging  natural  resistance  or  “engi¬ 
neered”  resistance  (29,  36)  remains  a  significant  concern  (24). 
For  example,  although  penicillin  is  considered  to  be  a  treat¬ 
ment  of  choice  for  anthrax,  numerous  reports  of  (3-lactamase- 
producing  strains  and  of  treatment  failures  have  appeared  in 
the  literature  (6,  13,  17,  30).  Additionally,  two  open  reading 
frames  coding  for  (3-lactamases  have  been  identified  in  the  B. 
anthracis  genome  (8,  32).  Reports  of  B.  anthracis  resistance  to 
ciprofloxacin,  macrolides,  and  tetracyclines  have  likewise  ap¬ 
peared  (7,  9,  39).  It  is  therefore  important  to  reevaluate  the 
spectrum  of  antibiotics  that  are  either  currently  available  or 
under  development  for  anthrax  treatment. 

A  widely  accepted  and  well-characterized  inhalation  anthrax 
animal  model  for  evaluation  of  antibiotic  efficacy  utilizes  rhe¬ 
sus  monkeys  (16).  However,  this  species  is  in  short  supply  and 
other  nonhuman  primate  models  arguably  are  not  character¬ 
ized  to  the  same  extent  with  respect  to  pathophysiology,  mi¬ 
crobiology,  and  activity  of  control  antibiotics  that  are  used  in 
treating  the  human  form  of  the  disease.  The  use  of  small- 
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rodent  models  has  proven  invaluable  in  the  assessment  of 
antibiotic  efficacy  in  other  infectious  diseases;  such  use  mini¬ 
mizes  the  cost  per  antibiotic  test  and  therefore  increases  the 
number  of  animals  per  test  group,  as  well  as  the  number  of 
antibiotics  or  treatment  regimens  that  can  be  tested  at  any 
given  time.  Recently,  two  murine  aerosol  challenge  models  of 
anthrax  were  characterized.  Mouse  pathophysiology  reflects 
that  seen  in  humans  exposed  to  anthrax  spores.  While  one 
model  uses  a  capsule-deficient  infecting  strain  ( B .  anthracis 
Sterne;  31),  the  other  uses  as  the  infecting  strain  B.  anthracis 
Ames,  a  fully  virulent,  toxigenic,  and  capsule-producing  isolate 
(22).  The  application  of  a  predetermined  dose  and  dose  sched¬ 
ule  based  on  “murine”  infection  modeling  has  been  shown  to 
greatly  expand  the  utility  of  these  small-animal  models  and 
allows  for  evaluation  of  the  activity  of  test  agents  before  effi¬ 
cacy  testing  in  the  more  expensive  and  difficult  nonhuman 
primate  models  (12). 

Oritavancin  is  a  novel,  semisynthetic  lipoglycopeptide  that  is 
currently  in  late-stage  clinical  development  for  complicated 
skin  and  skin  structure  infections  (38).  It  exerts  bactericidal 
activity  against  most  clinically  relevant  gram-positive  patho¬ 
gens,  including  those  phenotypically  resistant  to  methicillin, 
vancomycin,  fluoroquinolones,  and  macrolides.  Oritavancin 
was  previously  shown  to  exert  substantial  activity  against  B. 
anthracis  in  vitro  (20,  23).  In  addition,  oritavancin  accumulates 
significantly  in  macrophages  and  demonstrates  potent  activity 
in  in  vitro  models  of  intracellular  Staphylococcus  aureus  infec¬ 
tions  (4,  35).  The  demonstrated  activity  of  oritavancin  against 
B.  anthracis  in  vitro  and  its  accumulation  and  activity  within 
macrophages,  combined  with  the  knowledge  that  dissemina¬ 
tion  of  anthrax  spores  after  aerosol  challenge  relies  upon 
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phagocytosis  by  macrophages  and  subsequent  transit  to  the 
draining  tracheobronchial  lymph  nodes  (26),  prompted  us  to 
ask  whether  oritavancin  might  exert  particular  activity  in  an 
animal  model  of  inhalation  anthrax. 

The  first  objective  of  our  study  was  to  assess  the  in  vitro 
activity  of  oritavancin  against  a  collection  of  genetically  diverse 
B.  anthracis  strains  under  recently  optimized  broth  microdilu¬ 
tion  testing  conditions  with  polysorbate  80  (10),  which  pro¬ 
motes  quantitative  drug  recovery  throughout  the  course  of  the 
assay  (2).  Second,  we  examined  oritavancin  pharmacokinetics 
in  mice  and  characterized  its  activity  in  a  well-characterized 
mouse  model  of  inhalational  anthrax  (22).  Efficacy  data  could 
then  be  applied  to  an  FDA  submission  after  nonhuman  pri¬ 
mate  testing  according  to  the  “two  animal  rule”  (14).  Finally, 
we  examined  the  propensity  of  oritavancin  to  select  for  resis¬ 
tance  both  in  vitro  and  in  vivo. 

(Part  of  this  work  was  presented  at  the  107th  General  Meet¬ 
ing  of  the  American  Society  for  Microbiology,  Toronto,  On¬ 
tario,  Canada,  21  to  25  May  2007.) 

MATERIALS  AND  METHODS 

B.  anthracis  strains.  The  30  B.  anthracis  strains  used  in  this  study  were  from  the 
United  States  Army  Medical  Research  Institute  of  Infectious  Diseases  collection 
and  included  the  Ames  strain.  The  remaining  strains  were  isolates  from  human 
or  animal  infections  throughout  the  world  and  represent  the  eight  genotype 
clades  identified  by  Keim  et  al.  (25). 

Susceptibility  of  B.  anthracis  strains  to  oritavancin  as  measured  by  broth 
microdilution.  Oritavancin  MICs  were  determined  by  broth  microdilution  in 
96-well  plates  according  to  guidelines  of  the  Clinical  and  Laboratory  Standards 
Institute  (10,  11).  As  recommended  in  guideline  M100-S18  (10),  polysorbate  80 
was  included  at  a  final  concentration  of  0.002%  throughout  drug  dissolution  and 
all  steps  of  the  assay  to  minimize  oritavancin  binding  to  surfaces  (2).  To  deter¬ 
mine  the  impact,  if  any,  of  polysorbate  80  upon  oritavancin  MICs  for  B.  anthracis, 
a  parallel  broth  microdilution  assay  was  conducted  in  which  oritavancin  was 
dissolved  in  water  and  drug  dilutions  were  prepared  without  polysorbate  80. 
Quality  control  of  oritavancin  dilutions  was  established  by  using  S.  aureus  ATCC 
29213  with  polysorbate  80  at  0.002%  throughout;  an  acceptable  range  of  orita¬ 
vancin  MICs  against  this  strain  is  0.015  to  0.12  (xg/ml  (10). 

Animal  research.  Research  with  mice  was  conducted  in  compliance  with  the 
Animal  Welfare  Act  and  other  federal  statutes  and  regulations  relating  to  ani¬ 
mals  and  experiments  involving  animals.  Research  adhered  to  principles  stated  in 
the  Guide  for  the  Care  and  Use  of  Laboratory  Animals,  National  Research 
Council,  1996.  The  facilities  in  which  this  research  was  conducted  are  fully 
accredited  by  the  Association  for  Assessment  and  Accreditation  of  Laboratory 
Animal  Care  International. 

Oritavancin  pharmacokinetics  and  dosing  determinations.  A  pharmacokinet¬ 
ics  study  was  performed  with  mice  to  compare  oritavancin  exposures  in  plasma 
after  the  administration  of  a  single  dose  of  oritavancin  by  the  intravenous  (i.v.) 
and  intraperitoneal  (i.p.)  routes.  Because  multiple  doses  of  test  and  control 
agents  are  typically  required  in  the  mouse  model  of  inhalation  anthrax  for 
effective  postexposure  prophylaxis  and  treatment  (22),  the  i.p.  route  is  the  pre¬ 
ferred  route  of  administration  during  therapy.  However,  the  possibility  of  infre¬ 
quent  and  even  single  i.v.  administration  of  oritavancin  has  been  established  in 
efficacy  studies  in  a  neutropenic  mouse  model  of  S.  aureus  thigh  infection  (5),  in 
an  immunocompetent  mouse  model  of  Streptococcus  pneumoniae  infection  (28), 
and  in  a  rat  model  of  S.  aureus  granuloma  pouch  infection  (27).  Mice  (female 
CD-I;  body  weight,  19  to  21  g)  received  a  single  bolus  dose  of  oritavancin  of  32 
mg/kg  in  dosing  formulation  (see  below)  either  i.v.  or  i.p.,  and  blood  was  col¬ 
lected  by  cardiac  puncture  (n  =  3  mice/time  point).  Levels  of  oritavancin  (total 
drug)  in  plasma  were  determined  by  a  validated  liquid  chromatography-mass 
spectrometry  method.  Free  oritavancin  levels  were  calculated  by  using  a  value  of 
93.6%  bound  in  mouse  serum  (W.  Craig,  unpublished  data).  Pharmacokinetic 
parameters  were  calculated  by  using  WinNonlin  software  (Pharsight).  All  pa¬ 
rameters  were  calculated  by  using  a  noncompartmental  model. 

Determination  of  efficacy  of  oritavancin  in  the  mouse  inhalation  anthrax 
model,  (i)  Preparation  of  oritavancin  dosing  formulation.  Oritavancin  for  injec¬ 
tion  was  formulated  by  dissolving  oritavancin  diphosphate  (lot  01005PP00  [Tar- 
ganta  Therapeutics];  assay  potency  [volatile-free  basis],  84.9%)  in  5%  dextrose  in 


water  to  the  appropriate  concentration,  followed  by  sterile  filtration.  Due  to  the 
saturable  binding  of  oritavancin  (2)  and  its  near-quantitative  loss  to  filter  mem¬ 
branes  at  low  drug  concentrations  (e.g.,  below  10  (xg/ml;  Targanta  Therapeutics 
data,  unpublished),  oritavancin  concentrations  were  maintained  above  1  mg/ml 
during  dissolution  and  filtration  before  dilution  and  administration. 

(ii)  B.  anthracis  strain  and  experimental  design.  For  trials  of  antibiotic  efficacy, 
spores  of  B.  anthracis  Ames  were  prepared  as  described  by  Heine  et  al.  (22), 
including  heating  the  spore  preparation  to  65°C  for  30  min  before  use;  spores 
were  then  diluted  in  sterile  water  and  used  for  an  aerosol  challenge  at  50  to  75 
times  the  median  lethal  dose  (3.4  X  104  spores).  Treatment  groups  generally 
consisted  of  10  animals.  Animals  were  observed  and  mortality  was  recorded  to 
the  end  of  the  experiment,  which  ranged  from  22  to  31  days  postchallenge.  For 
all  experiments,  negative  control  animals  received  either  no  treatment  or  vehicle 
(5%  dextrose  in  water)  alone.  A  positive  control  group  that  received  ciprofloxa¬ 
cin  at  30  mg/kg  i.p.,  starting  24  h  postchallenge,  twice  daily  (ql2h)  for  14  days  was 
routinely  included  as  a  control  and  comparator. 

The  three  anthrax  treatment  models  studied  were  postexposure  prophylaxis,  in 
which  treatment  began  24  h  after  challenge;  postexposure  treatment,  in  which 
treatment  began  36,  42,  or  48  h  after  challenge;  and  preexposure  prophylaxis,  in 
which  drugs  were  administered  up  to  28  days  before  challenge. 

(iii)  Postexposure  prophylaxis  (single-  and  multiple-dose  dose-ranging  study). 
Oritavancin  was  administered  either  i.p.  at  doses  including  0.1,  0.3,  1,  3,  10,  and 
30  mg/kg  once  every  2  days  (q48h)  for  14  days  or  as  a  single  i.v.  dose  of  5,  15,  or 
50  mg/kg.  All  treatments  were  initiated  24  h  after  challenge. 

(iv)  Postexposure  treatment  (single-  and  multiple-dose  study).  To  evaluate 
the  efficacy  of  treatment  after  the  appearance  of  clinical  signs  (i.e.,  post  symptom 
development;  22),  a  study  was  performed  in  which  therapy  with  oritavancin  was 
delayed  to  either  36  or  48  h  postchallenge.  In  this  model,  oritavancin  was 
administered  at  10  mg/kg  i.p.  q48  h  for  14  days  after  the  first  dose  at  36  or  48  h. 
Ciprofloxacin  as  a  comparator  agent  was  administered  i.p.  at  30  mg/kg  ql2h  for 
14  days  beginning  36  or  48  h  postchallenge.  Alternatively,  oritavancin  treatment 
began  42  h  postchallenge;  for  this  group,  oritavancin  was  administered  as  a  single 
i.v.  dose  of  5,  15,  or  50  mg/kg. 

(v)  Preexposure  prophylaxis  (single-dose  study).  A  single  50-mg/kg  i.v.  dose  of 
oritavancin  was  administered  either  24  h  or  7, 14,  or  28  days  before  challenge.  As 
a  comparator,  ciprofloxacin  was  administered  at  30  mg/kg  i.p.  either  24  h  or  24 
and  12  h  before  challenge. 

Data  analysis.  For  all  experiments,  Kaplan-Meier  curves  were  compared  by 
the  log  rank  test  for  significance  over  untreated  controls,  where  differences  in 
survival  with  P  <  0.05  were  considered  significant. 

Determination  of  bacterial  burden  in  tissue.  Surviving  mice  from  each  group 
were  euthanized  at  the  experimental  endpoint,  typically  at  days  22  to  31  post¬ 
challenge.  Lungs  were  aseptically  removed,  weighed,  and  homogenized  in  1  ml  of 
sterile  water.  Homogenates  were  serially  diluted  1:10  in  water,  and  100-|xl  ali¬ 
quots  were  plated  on  sheep  blood  agar  plates  (SBAP).  To  determine  if  anthrax 
spores  were  present,  homogenates  were  heat  shocked  for  15  min  at  65°C  to  kill 
vegetative  cells  and  then  serially  diluted  and  plated  on  SBAP.  Antibiotic  suscep¬ 
tibilities  of  clones  arising  on  SBAP  were  determined  by  broth  microdilution  (10, 
11)  with  0.002%  polysorbate  80  throughout  testing,  as  described  above. 

Methodology  to  examine  in  vitro  resistance  development  to  oritavancin  in  B. 
cereus.  B.  cereus  ATCC  4342  was  subjected  to  serial  passage  (stepwise  selection) 
in  cation-adjusted  Mueller-Hinton  broth  containing  drugs  at  doubling  dilution 
concentrations  under  standard  susceptibility  testing  conditions  (10,  11).  The 
drugs  used  for  selection  were  oritavancin,  penicillin,  ciprofloxacin,  and  rifampin. 
For  oritavancin,  polysorbate  80  was  maintained  at  0.002%  for  drug  dissolution 
and  dilution  and  in  all  steps  of  the  broth  microdilution  assay  (2,  10).  Twenty 
cycles  of  broth  microdilution  assay  were  performed  by  using  as  the  inoculum  cells 
from  the  0.5  X  MIC  wells  of  the  previous  day’s  experiment.  The  test  strain,  B. 
cereus  ATCC  4342,  was  tested  in  two  independent  rounds  of  20  cycles  for  each 
agent.  Any  selectant  with  a  fourfold  or  greater  increase  in  the  MIC  of  the 
challenge  drug  at  day  20,  compared  to  the  MIC  for  the  parent  (unchallenged) 
strain  at  day  1,  was  passaged  nonselectively  (i.e.,  in  the  absence  of  drug)  for  an 
additional  5  days.  After  the  nonselective  growth  period,  broth  microdilution 
MICs  of  oritavancin  and  comparator  drugs  were  determined  against  the  select- 
ants  and  in  parallel  against  the  parent  (unchallenged)  strain. 

RESULTS 

Susceptibility  of  B.  anthracis  strains  to  oritavancin  as  mea¬ 
sured  by  broth  microdilution.  Oritavancin  demonstrated  po¬ 
tent  activity  in  vitro  against  30  strains  of  B.  anthracis  (Fig.  1) 
representing  all  eight  genotype  clades  identified  by  Keim  et  al. 
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Oritavancin  MIC  (ug/ml) 

FIG.  1.  Oritavancin  susceptibility  distribution  of  B.  anthracis  (n  = 
30)  in  the  absence  and  presence  of  0.002%  polysorbate  80.  Suscepti¬ 
bilities  were  determined  by  broth  microdilution  according  to  CLSI 
M7-A7  and  M100-S18  guidelines  (10,  11).  Solid  black  bars,  no  poly¬ 
sorbate  80;  gray  bars,  with  0.002%  polysorbate  80. 


(25).  On  average,  oritavancin  MICs  decreased  4  doubling  di¬ 
lutions  when  susceptibilities  were  determined  with  polysorbate 
80;  the  oritavancin  MIC  for  90%  of  the  strains  tested  (MIC90) 
with  polysorbate  80  (0.12  p-g/ml;  n  =  30)  was  16-fold  lower 
than  the  MIC90  in  the  absence  of  polysorbate  80.  This  result  is 
consistent  with  results  from  previous  in  vitro  studies  which 
showed  a  16-  to  32-fold  increase  in  the  oritavancin  MIC90  for 
staphylococci  and  enterococci  in  the  absence  of  polysorbate  80 
as  a  result  of  drug  binding  to  the  surfaces  of  test  vessels  (2,  38). 
The  oritavancin  MIC  for  the  Ames  strain  specifically  shifted 
from  1  to  0.015  p-g/ml  in  the  presence  of  polysorbate  80.  The 
one  outlier  strain  in  both  determinations  (oritavancin  MIC,  4 
pg/ml  without  polysorbate  80  and  1  p-g/ml  with  polysorbate  80; 
Fig.  1)  is  known  to  be  a  high  capsule  producer.  Minimum 
bactericidal  concentrations  were  not  determined  for  B.  anthra¬ 
cis  because  of  the  presence  of  spores,  which  confounds  the 
analysis  (12).  The  broth  microdilution  results  without  polysor¬ 
bate  80  that  are  presented  here  concur  with  results  from  an 
earlier  in  vitro  study  that  was  performed  without  polysorbate 
80  and  in  which  B.  anthracis  was  found  to  be  susceptible  to 
oritavancin  (23). 

Oritavancin  pharmacokinetics  in  mouse  plasma.  The 

plasma  concentration-time  profile  of  oritavancin  after  single 


i.v.  dose  (bolus)  administration  concurred  with  that  from  pre¬ 
vious  analyses  of  oritavancin  pharmacokinetics  in  mice  (5,  28). 
In  the  present  study,  the  total  oritavancin  concentration  was 
determined  at  each  time  point  and  then  converted  to  the  free 
oritavancin  concentration  by  using  a  value  for  the  fraction 
bound  in  mouse  serum  of  93.6%  (W.  Craig,  unpublished  data); 
calculated  free  oritavancin  concentrations  were  plotted.  After 
the  administration  of  a  single  i.v.  dose  of  oritavancin  at  32 
mg/kg  to  mice,  the  predicted  free  concentration  of  oritavancin 
in  plasma  remained  above  the  MIC  for  the  Ames  strain  of  B. 
anthracis  (0.015  p-g/ml  with  polysorbate  80)  for  at  least  24  h 
(Fig.  2).  The  observed  free  peak  concentration,  time  to  peak 
concentration,  and  area  under  the  free-drug  concentration¬ 
time  curve  from  0.25  to  72  h  (/AUC0  2s.72  h)  were  17  p-g/ml, 
0.25  h,  and  61  pg  ■  h/ml,  respectively,  for  the  i.v.  route  and  6.1 
p-g/ml,  4  h,  and  54  pg  •  h/ml,  respectively,  for  the  i.p.  route. 
Thus,  while  the  free-drug  peak  level  in  plasma  was  higher  after 
i.v.  versus  i.p.  administration  and  while  the  time  to  peak  con¬ 
centration  was  delayed  to  4  h  after  i.p.  administration,  orita¬ 
vancin  exposures  (measured  here  as  /AUC0 .25-72  h)  were  sim¬ 
ilar  for  the  two  routes.  Because  the  maximum  oritavancin 
concentration  in  serum/MIC  and  AUC/MIC  ratios  can  predict 
efficacy  in  mouse  models  of  penicillin-susceptible  S.  pneu¬ 
moniae  pneumonia  (28),  both  the  i.v.  and  i.p.  routes  of  admin¬ 
istration  were  deemed  suitable  to  evaluate  oritavancin  efficacy 
because  they  offered  similar  total  exposures  for  a  given  dose. 

Oritavancin  efficacy  in  the  mouse  inhalation  anthrax  model. 
Postexposure  prophylaxis  model.  The  efficacy  of  oritavancin 
when  administered  by  either  the  i.p.  or  the  i.v.  route  was  tested 
in  the  postexposure  prophylaxis  model,  with  the  drug  admin¬ 
istered  24  h  postchallenge.  Oritavancin,  when  administered  i.p. 
q48h  for  14  days,  provided  significant  protection  compared  to 
the  untreated  control  group,  with  doses  of  1  and  3  mg/kg 
protecting  50  and  100%  of  the  mice,  respectively  (Fig.  3A). 
Furthermore,  a  single  i.v.  oritavancin  dose  of  15  or  50  mg/kg 
administered  24  h  after  challenge  protected  70  or  100%  of  the 
mice,  respectively  (Fig.  3B).  The  protection  provided  by  cip¬ 
rofloxacin  was  similar  (90%  survival;  Fig.  3A  and  B)  but  re- 


Time  (h) 

FIG.  2.  Concentration-time  profile  of  oritavancin  in  mouse  plasma  after  administration  of  a  single  32-mg/kg  dose  by  either  the  i.v.  or  the  i.p. 
route.  While  total  (bound  plus  free)  oritavancin  concentrations  were  measured,  calculated  free  oritavancin  concentrations,  based  on  93.6%  protein 
binding  in  mouse  serum,  are  plotted. 
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Days  Post-challenge 


FIG.  3.  Proportional  survival  from  oritavancin  (ORI)  or  ciprofloxa¬ 
cin  (CIP)  treatment  in  the  postexposure  prophylaxis  model  of  inhala¬ 
tion  anthrax.  All  treatments  began  24  h  postchallenge.  Control  animals 
received  no  treatment.  (A)  Mice  in  the  CIP  group  received  CIP  i.p.  at 
30  mg/kg  ql2h  for  14  days.  ORI  doses  are  indicated  on  the  right  and 
were  administered  i.p.  q48h  for  14  days.  ORI  doses  of  10  and  30  mg/kg 
administered  q48  h  i.p.  for  14  days  provided  100%  protection;  the 
corresponding  survival  curves  are  not  shown  for  clarity.  (B)  Mice  in  the 
CIP  group  received  CIP  i.p.  at  30  mg/kg  ql2h  for  14  days.  Single  ORI 
doses  were  administered  i.v.  and  are  indicated  on  the  right.  (C)  Pro¬ 
portional  14-day  survival  as  a  function  of  ORI  dose  in  the  postexposure 
prophylaxis  model  of  inhalation  anthrax.  The  ED50  from  a  sigmoid 
Hill-type  model  was  1.2  mg/kg  (95%  Cl,  0.47  to  2.9  mg/kg). 


quired  i.p.  dosing  at  30  mg/kg/dose  ql2h  for  14  days.  This  level 
of  activity  of  ciprofloxacin  concurs  with  that  reported  previ¬ 
ously  (22).  A  sigmoid  Hill-type  model  was  used  to  calculate  the 
50%  effective  dose  (ED50).  Based  on  the  14-day  survival  curve 
shown  in  Fig.  3C,  when  the  infected  mice  were  treated  with 
oritavancin  i.p.  q48h  beginning  24  h  postchallenge,  the  ED50 
was  found  to  be  1.2  mg/kg  (95%  confidence  interval  [Cl],  0.47 
to  2.9  mg/kg).  The  Hill  constant  was  2.9.  The  /AUC0_48  h 
corresponding  to  the  ED50  was  1.9  p.g  •  h/ml  (95%  Cl,  0.79  to 
4.8  p,g  •  h/ml). 

Table  1  shows  that  the  spore  load  in  lung  tissue  at  the 
termination  of  the  study  did  not  exceed  5  X  104  CFU/g  tissue 
in  mice  treated  with  oritavancin.  Previous  experiments  showed 


that  tissue  spore  burdens  near  or  below  this  range  are  consis¬ 
tent  with  survival  (22). 

Postexposure  treatment  model.  By  36  to  42  h,  clinical  signs 
of  inhalational  anthrax  become  evident  in  the  mouse  model 
(22,  26,  31);  the  efficacy  of  therapeutic  agents  including  cipro¬ 
floxacin  and  doxycycline  is  significantly  reduced,  and  mice  suc¬ 
cumb  to  fulminant  bacteremia  shortly  thereafter  (22).  In  a 
model  of  delayed  treatment  of  postexposure  inhalational  an¬ 
thrax,  oritavancin  provided  90  and  50%  protection  when  treat¬ 
ment  (10  mg/kg  q48h  for  14  days)  was  administered  i.p.  starting 
36  and  48  h,  respectively,  postchallenge  (Fig.  4A).  Ciprofloxa¬ 
cin,  administered  at  30  mg/kg  i.p.  ql2h  for  14  days,  protected 
70  and  80%  of  the  mice  when  treatment  was  initiated  36  and 
48  h,  respectively,  after  challenge  (Fig.  4B).  When  we  assessed 
the  protection  afforded  by  a  single  i.v.  dose  of  oritavancin  given 
42  h  postchallenge,  we  found  that  oritavancin  at  50  mg/kg 
protected  56%  of  the  mice  (Fig.  4C).  Thus,  oritavancin  offered 
significant  protection  when  therapy,  by  both  the  i.p.  and  i.v. 
routes,  was  delayed  until  36,  42,  or  48  h  postchallenge. 

As  was  found  in  the  postexposure  prophylaxis  experiments 
described  above,  the  load  of  B.  anthracis  spores  in  the  lung 
tissue  (<3  X  103  CFU/g;  Table  1)  of  mice  treated  with  orita¬ 
vancin  at  the  end  of  the  postexposure  treatment  study  was 
consistent  with  survival  (22). 

Preexposure  prophylaxis  model.  The  striking  efficacy  of  ori¬ 
tavancin  when  administered  in  single  doses  (Fig.  3B  and  4C) 
and  its  extended  half-life  in  mice  (Fig.  2)  (5,  28)  and  humans 
(15)  prompted  us  to  ask  whether  its  activity  could  persist  in  a 
preexposure  prophylaxis  setting.  Results  presented  in  Fig.  5 
indicate  that  oritavancin,  when  administered  as  a  single  i.v. 
dose  of  50  mg/kg  either  24  h  or  7  days  before  a  lethal  spore 
challenge,  protected  90%  of  the  animals  at  the  33-day  post¬ 
challenge  endpoint.  At  the  same  dose,  oritavancin  prophylactic 
activity  extended  to  14  days  prechallenge  (100%  survival  at  22 
days  postchallenge)  but  declined  sharply  when  oritavancin  was 
administered  28  days  before  challenge  (20%  survival  at  22  days 
postchallenge)  (Fig.  6).  For  comparison,  ciprofloxacin,  when 
administered  either  as  a  single  30-mg/kg  i.p.  dose  24  h  before 
a  spore  challenge  or  as  two  30-mg/kg  i.p.  doses  24  and  12  h 
before  a  spore  challenge,  failed  to  protect,  as  all  of  the  mice 
died  from  infection  by  day  4  postchallenge  (Fig.  5).  Thus, 
preexposure  prophylaxis  of  lethal  anthrax  infection  was  unique 
to  oritavancin. 

Evaluation  of  oritavancin  resistance  development  in  vivo.  A 

key  concern  of  extended  antibiotic  treatment  regimens  is  the 
emergence  of  drug  resistance  during  therapy,  which  can  con¬ 
found  resolution  of  the  disease.  To  address  whether  oritavan¬ 
cin  treatment  failures  in  the  mouse  model  of  inhalational  an¬ 
thrax  may  have  resulted  from  decreasing  oritavancin 
susceptibility  of  the  infecting  strain,  oritavancin  MICs  for  B. 
anthracis  bacteria  that  were  cultured  from  animals  that  died 
during  oritavancin  therapy  were  determined  and  compared  to 
the  MIC  for  the  infecting  (naive)  strain.  Broth  microdilution 
assays  under  standard  conditions  with  polysorbate  80  for  ori¬ 
tavancin  (10,  11)  demonstrated  that  the  recovered  isolates 
were  as  susceptible  to  oritavancin  as  the  naive  strain  was  (i.e., 
MIC  identical  or  twofold  different). 

Stepwise  selection  for  oritavancin  resistance  in  B.  cereus  in 
vitro.  Deliberate  manipulation  of  B.  anthracis  in  efforts  to 
augment  inherent  resistance  or  to  engineer  resistance  may 
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TABLE  1.  Summary  of  efficacy  in  the  inhalational  anthrax  model  and  posttreatment  spore  counts  in  lungs  of  surviving  mice 


Agent 

Regimen 

Start  of  therapy 

%  Proportional  survival0 

CFU/g  in  lung 

None 

CIP' 

30  mg/kg  ql2h  X  14  days 

24  h  postchallenge 

0  (100%  dead  at  day  4) 

90c 

ND* 

5.20  X  104 

ORIrf 

30  mg/kg  i.p.  q48h  X  14  days 

24  h  postchallenge 

100e 

1.82  X  104 

ORI 

10  mg/kg  i.p.  q48h  X  14  days 

24  h  postchallenge 

100e 

4.79  X  104 

ORI 

3  mg/kg  i.p.  q48h  X  14  days 

24  h  postchallenge 

100e 

3.68  X  104 

ORI 

1  mg/kg  i.p.  q48h  X  14  days 

24  h  postchallenge 

51/ 

2.95  x  104 

ORI 

0.3  mg/kg  i.p.  q48h  X  14  days 

24  h  postchallenge 

30® 

2.80  X  104 

ORI 

0.1  mg/kg  i.p.  q48h  X  14  days 

24  h  postchallenge 

0  (100%  dead  at  day  3) 

ND 

ORI 

50  mg/kg  i.v.  single  dose 

24  h  postchallenge 

100e 

3.61  X  104 

ORI 

15  mg/kg  i.v.  single  dose 

24  h  postchallenge 

70e 

2.03  X  104 

ORI 

5  mg/kg  i.v.  single  dose 

24  h  postchallenge 

40s 

3.50  X  104 

CIP 

30  mg/kg  ql2h  X  14  days 

24  h  postchallenge 

100e 

1.09  X  103 

CIP 

30  mg/kg  ql2h  X  14  days 

36  h  postchallenge 

70c 

2.88  X  103 

CIP 

30  mg/kg  ql2h  X  14  days 

48  h  postchallenge 

8(T 

3.08  X  103 

ORI 

10  mg/kg  i.p.  q48h  X  14  days 

24  h  postchallenge 

100e 

3.50  X  103 

ORI 

10  mg/kg  i.p.  q48h  X  14  days 

36  h  postchallenge 

90 f 

2.52  X  103 

ORI 

10  mg/kg  i.p.  q48h  X  14  days 

48  h  postchallenge 

5(T 

1.68  X  103 

ORI 

50  mg/kg  i.v.  single  dose 

42  h  postchallenge 

55s 

0.74  x  103 

CIP 

30  mg/kg  i.p.  single  dose 

24  h  prechallenge 

0  (100%  dead  at  day  3) 

ND 

CIP 

30  mg/kg  i.p.  two  doses 

24  +  12  h  prechallenge 

0  (100%  dead  at  day  3) 

ND 

ORI 

50  mg/kg  i.v.  single  dose 

24  h  prechallenge 

100e 

1.98  X  103 

ORI 

50  mg/kg  i.v.  single  dose 

7  days  prechallenge 

90,  100e 

6.30  X  104 

ORI 

50  mg/kg  i.v.  single  dose 

14  days  prechallenge 

100e 

6.50  X  104 

ORI 

50  mg/kg  i.v.  single  dose 

28  days  prechallenge 

2(T 

5.10  X  104 

“  For  9  or  10  animals/group.  P  values  were  determined  by  log  rank  test  versus  the  untreated  control. 
b  ND,  not  determined. 
c  CIP,  ciprofloxacin. 
d  ORI,  oritavancin. 
eP  <  0.0001. 
fP  <  0.001. 

SP  ==  0.01. 
hP<  0.05. 


pose  a  significant  biosafety  risk.  To  extend  the  analysis  of 
oritavancin  resistance  emergence,  a  surrogate  for  B.  anthracis, 
B.  cereus  ATCC  4342,  was  tested  for  its  propensity  to  develop 
resistance  to  oritavancin  and  control  drugs  penicillin,  cipro¬ 
floxacin,  and  rifampin  by  stepwise  selection  in  vitro  in  broth 
medium  under  standard  susceptibility  testing  (MIC  assay)  con¬ 
ditions  (10,  11)  with  polysorbate  80  in  assays  of  oritavancin. 
After  20  cycles  of  selection,  selectants  with  a  fourfold  or 
greater  increase  in  the  MIC  of  the  challenge  drug  were  pas¬ 
saged  nonselectively;  MICs  of  oritavancin  and  comparator 
agents  were  then  determined  in  parallel  for  both  the  stepwise 
selectant  and  the  parent  (unchallenged)  strain.  Results  indi¬ 
cated  that  the  oritavancin  MICs  of  oritavancin  selectants  did 
not  differ  by  more  than  twofold  relative  to  those  of  the  parent 
strain  (Table  2).  In  contrast,  the  following  increases  in  the 
MICs  of  the  comparator  agents  that  were  used  for  selection 
were  noted:  ciprofloxacin,  4-  to  32-fold;  rifampin,  8-  to  16-fold; 
penicillin,  8-  to  >  16,000-fold.  The  high  level  of  penicillin  re¬ 
sistance  encountered  during  one  of  the  two  independent  in 
vitro  stepwise  selection  studies  may  have  resulted  from  the 
expression  of  a  cryptic  or  inducible  p-lactamase  (37). 

DISCUSSION 

Oritavancin,  a  lipoglycopeptide  antibiotic  that  is  currently  in 
development  for  skin  and  soft-tissue  infections,  demonstrated 
potent  activity  against  B.  anthracis  both  in  vitro  and  in  mice. 
Broth  microdilution  experiments  with  polysorbate  80  yielded 
an  oritavancin  MIC90  of  0.12  |xg/ml  with  30  genetically  diverse 


strains  of  B.  anthracis.  In  animal  studies,  oritavancin  adminis¬ 
tered  by  either  the  i.p.  or  the  i.v.  route  increased  the  propor¬ 
tional  survival  of  mice  that  had  received  a  lethal  challenge  of  B. 
anthracis  spores.  Characterization  of  oritavancin  activity  and 
studies  of  its  propensity  to  select  for  resistance  in  vitro  and  in 
vivo  in  the  present  study  led  us  to  conclude  that  oritavancin 
may  offer  significant  potential  for  anthrax  treatment. 

Oritavancin  administered  i.p.  at  3  mg/kg  q48h  for  14  days  or 
i.v.  at  50  mg/kg  as  a  single  dose  was  at  least  as  active  as 
ciprofloxacin  administered  at  30  mg/kg  ql2h  for  14  days  when 
treatments  began  24  h  postchallenge.  The  number  of  doses  of 
oritavancin  was  therefore  substantially  lower  than  that  of  cip¬ 
rofloxacin  to  achieve  equivalent  protection;  either  7  i.p.  doses 
or  a  single  i.v.  dose  of  oritavancin  provided  100%  protection, 
whereas  28  i.p.  doses  of  ciprofloxacin  were  required  to  achieve 
90  to  100%  protection.  We  note  that  single  i.v.  oritavancin 
doses  of  32  and  50  mg/kg  in  mice  are  predicted  (or  extrapo¬ 
lated)  to  provide  free-drug  exposures  in  plasma  of  approxi¬ 
mately  61  and  95  |xg  ■  h/ml,  respectively  (/AUC0  25_72  h>  this 
study; /AUCq_24  h,  reference  5).  For  comparison,  an  oritavan¬ 
cin  /AUC0_24  h  of  167  p-g  •  h/ml  is  predicted  in  human  plasma 
following  a  single  800-mg  i.v.  dose  (15),  with  a  human  serum 
protein  binding  value  of  85%  (5).  Thus,  total  drug  exposures 
that  provide  maximal  or  near-maximal  single-dose  efficacy  in 
the  mouse  inhalational  anthrax  model  are  clinically  relevant. 
Any  selection  of  dose  and  dose  regimen  for  eventual  thera¬ 
peutic  use  in  humans,  however,  must  consider  the  higher  se¬ 
rum  protein  binding  levels  in  mice  compared  to  those  in  hu- 
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-♦-ORI,  24  I- 
-A-ORI,  36  h 


-O-ORI,  48  I- 


-•-Control 


-•-CIP,  24  h 

-O-CIP,  48  h 
-A-CIP,  36  h 


-•-  Control 


ORI,  24  h. 


ORI,  42  h 


Control 


FIG.  4.  Proportional  survival  from  oritavancin  (ORI)  or  ciprofloxa¬ 
cin  (CIP)  treatment  in  the  postexposure  (delayed)  treatment  model  of 
inhalation  anthrax.  Control  animals  received  no  treatment.  (A)  Mice 
in  the  ORI  groups  received  ORI  i.p.  at  10  mg/kg  q48h  for  14  days. 
Treatment  was  initiated  at  24  h  (ORI,  24  h),  36  h  (ORI,  36  h),  or  48  h 
(ORI,  48  h)  postchallenge.  (B)  Mice  in  the  CIP  groups  received  CIP 
i.p.  at  30  mg/kg  ql2h  for  14  days.  Treatment  was  initiated  at  24  h  (CIP, 
24  h),  36  h  (CIP,  36  h)  or  48  h  (CIP,  48  h)  postchallenge.  (C)  Mice 
received  a  single  dose  of  ORI  (50  mg/kg  i.v.)  either  24  or  42  h 
postchallenge. 


mans  and  both  pharmacokinetic  and  efficacy  data  in  nonhuman 
primates. 

The  currently  recommended  treatment  strategy  for  postex¬ 
posure  anthrax  requires  a  lengthy  (60-day)  course  of  cipro¬ 
floxacin  administered  ql2h  (34).  An  infrequent  or  even  single¬ 
dose  dosing  strategy  such  as  that  demonstrated  to  be  effective 
for  oritavancin  in  the  mouse  model  could  thus  prove  to  be 
beneficial  after  accidental  or  deliberate  exposure  of  citizens  to 
anthrax  spores  because  it  may  potentially  circumvent  problems 
of  poor  compliance  and  resulting  compromised  treatment  ef¬ 
ficacy. 

Late  deaths  in  the  15-mg/kg  oritavancin  single  i.v.  dose  treat¬ 
ment  group  were  most  likely  due  to  outgrowth  of  residual 
spores  still  present  in  the  lung  tissue,  possibly  after  antibiotic 
levels  dropped  below  an  as-yet-undefined  therapeutic  thresh¬ 
old.  After  the  single  dose  of  oritavancin  of  50  mg/kg,  for  which 
there  were  no  late  deaths,  the  spore  burden  was  predictably 


ORI,  7  days  pre-challenge 
ORI,  24  h  pre-challenge 


CIP,  24  h  pre-challenge 
CIP.  12  +  24  h  pre-challenge 
Control 


FIG.  5.  Proportional  survival  of  mice  receiving  a  single  dose  of 
oritavancin  (ORI;  50  mg/kg,  i.v.)  or  one  or  two  doses  of  ciprofloxacin 
(CIP;  30  mg/kg,  i.p.)  before  spore  challenge.  ORI  doses  were  admin¬ 
istered  either  24  h  or  7  days  before  spore  challenge;  CIP  doses  were 
administered  either  24  h  or  24  and  12  h  before  challenge.  Control 
animals  received  no  treatment. 


reduced  to  below  the  infection  threshold  (22)  before  the  level 
of  oritavancin  dropped  below  its  therapeutic  threshold.  Fur¬ 
ther  pharmacokinetic-pharmacodynamic  studies  with  oritavan¬ 
cin  in  the  mouse  aerosol  anthrax  model  may  be  useful  to 
identify  oritavancin  levels  in  plasma  and  the  lungs,  or  intracel¬ 
lular  levels,  that  would  be  predictive  of  efficacy. 

Delay  of  the  start  of  treatment  from  24  h  to  at  least  36  h 
postchallenge  in  the  mouse  aerosol  anthrax  model  results  in 
the  appearance  of  clinical  signs  associated  with  dissemination 
of  anthrax  into  the  blood  and  tissues  (22).  This  model  has 
therefore  been  termed  the  postexposure  treatment  model,  as  it 
may  reflect  the  need  for  long  and  aggressive  courses  of  therapy 
after  the  onset  of  symptoms  to  achieve  cure  in  humans.  Ori¬ 
tavancin  demonstrated  substantial  activity  in  this  model  of 
postexposure  treatment,  achieving  90,  55,  and  50%  protection 
when  treatment  was  initiated  at  36,  42,  or  48  h  postchallenge, 
respectively.  While  the  protection  that  was  provided  by  orita¬ 
vancin  in  all  tests  of  postexposure  treatment  remained  statis¬ 
tically  significantly  different  from  the  untreated  control,  the 
modest  proportional  survival  provided  by  oritavancin  when 
treatment  was  delayed  to  42  or  48  h  postchallenge  highlights 
the  increasing  stringency  of  the  treatment  model  as  the  delay 
between  challenge  and  initiation  of  therapy  increases. 

The  preexposure  prophylaxis  that  was  afforded  by  a  single 
50-mg/kg  i.v.  dose  of  oritavancin  24  h  before  aerosol  challenge 
underscores  the  extended  half-life  of  this  drug  (5,  15,  27,  28). 
Furthermore,  this  finding  suggests  that  oritavancin  may  con¬ 
centrate  in  those  cellular  compartments  where  spores  may 
germinate  in  the  early  stages  of  infection  (24,  26).  This  idea  is 
consistent  with  data  that  show  significant  intracellular  accumu- 


Days  Post-challenge 


FIG.  6.  Proportional  survival  of  mice  that  received  a  single  dose  of 
ORI  (50  mg/kg,  i.v.)  at  1,  2,  or  4  weeks  before  spore  challenge.  Control 
animals  received  no  treatment. 


Downloaded  from  aac.asm.org  at  USAMRIID  on  October  9,  2008 


3356 


HEINE  ET  AL. 


Antimicrob.  Agents  Chemother. 


TABLE  2.  Results  of  in  vitro  stepwise  resistance  selection  with 
B.  cereus  ATCC  4342° 


Agent 

MIC  (|jLg/ml)  for: 

Fold  change 
in  MIC 

Parent 

Selectant 

Oritavancin 

0.004-0.008 

0.008 

1-2 

Ciprofloxacin 

0.12 

0.5-4 

4-32 

Rifampin 

0.03 

0.25-0.5 

8-16 

Penicillin 

0.008 

0.06->128 

8->  16,000 

a  Twenty  daily  cycles  of  drug  selection,  followed  by  5  days  of  nonselective 
growth,  for  those  isolates  that  showed  fourfold  or  greater  increases  in  the  MIC 
relative  to  the  MIC  for  the  parent  strain.  Results  of  two  independent  experi¬ 
ments  are  shown  as  ranges  where  the  result  differed  and  as  a  single  value  where 
the  results  were  identical  between  replicates. 


lation  of  oritavancin  and  its  potent  activity  against  intracellular 
S.  aureus  in  macrophages  in  vitro  (35,  41). 

Further  studies  with  nonhuman  primates  to  predict  whether 
oritavancin  could  serve  as  an  alternative  therapy  for  prophy¬ 
laxis  or  treatment  after  accidental  or  deliberate  exposure  of 
humans  to  B.  anthracis  are  now  warranted.  Due  to  the  persis¬ 
tence  of  spores  in  the  lungs  and  tissues  of  individuals  exposed 
to  B.  anthracis,  current  recommended  therapies  must  continue 
for  at  least  60  days.  The  enhanced  efficacy  of  oritavancin  in 
vivo  in  the  mouse  aerosol  model  suggests  that  less  frequent 
dosing  relative  to  ciprofloxacin  may  still  provide  a  similar  de¬ 
gree  of  protection.  Importantly,  infrequent  oritavancin  dosing 
in  vivo  did  not  lead  to  the  development  of  oritavancin  resis¬ 
tance.  We  propose  that  the  multiple  mechanisms  of  action  of 
oritavancin  (1,  3,  33,  42)  should  allow  it  to  retain  activity 
against  drug-resistant  strains  of  B.  anthracis,  including  those 
resistant  to  penicillin,  macrolides,  fluoroquinolones,  and  van¬ 
comycin,  throughout  oritavancin  therapy. 

Although  penicillin  has  long  been  considered  a  treatment  of 
choice  for  anthrax,  there  are  numerous  reports  that  suggest  the 
emergence  of  resistance  to  penicillin  (6,  13,  30).  Furthermore, 
resistance  to  ciprofloxacin,  macrolides,  and  tetracyclines  in 
specific  B.  anthracis  strains  has  also  been  reported  (7,  9,  39).  In 
our  study,  stable  mutants  of  a  surrogate  organism,  B.  cereus, 
demonstrating  reduced  susceptibility  to  oritavancin  were  not 
obtained  by  stepwise  oritavancin  selection  in  vitro.  In  contrast, 
mutants  showing  at  least  a  fourfold  reduced  susceptibility  to 
ciprofloxacin,  rifampin,  and  penicillin  were  isolated  during  the 
course  of  20  days  of  selection  with  these  agents  (Table  2). 
These  findings  are  supported  by  the  finding  that  oritavancin 
MICs  for  B.  anthracis  clones  recovered  and  cultured  from  mice 
that  died  during  oritavancin  treatment  were  equivalent  to  or 
within  1  doubling  dilution  of  the  MIC  of  the  infecting  Ames 
strain.  Together,  these  findings  predict  that  the  potential  for  B. 
anthracis  to  develop  high-level  resistance  to  oritavancin  during 
therapy  is  low. 

Overall,  the  findings  suggest  that  oritavancin  is  of  significant 
interest  for  further  development,  potentially  for  prophylactic 
use  for  first  responders  to  anthrax  threats  and  for  postexposure 
prophylaxis  and  treatment  in  cases  of  known  or  suspected 
anthrax  exposure.  Relative  to  other  investigational  or  clinically 
used  agents  that  were  recently  evaluated  in  in  vivo  models  of 
inhalational  anthrax  (daptomycin  [21],  dalbavancin  [19], 
cethromycin  [40],  and  faropenem  [18]),  the  single-dose  efficacy 
of  oritavancin  in  postexposure  prophylaxis,  postexposure  treat¬ 


ment,  and  preexposure  prophylaxis  of  inhalational  anthrax  is 
unrivalled.  Future  studies  will  assess  oritavancin  pharmacoki¬ 
netics  and  efficacy  in  nonhuman  primate  models  of  inhala¬ 
tional  anthrax  and  characterize  oritavancin  pharmacodynamics 
in  the  mouse  model  of  preexposure  prophylaxis  in  an  attempt 
to  define  a  threshold  for  plasma  and  intracellular  drug  levels 
that  predict  postchallenge  protection. 
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